


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1949 


Automatic high speed excitation of a 
synchronous generator 


Budding, William Alexander; Riblett, William R. 


Massachusetts Institute of Technology 


http://ndl.handle.net/10945/6333 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


f (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

| | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


AUTOMATIC HIGH SPEED EXCITATION 
OF A SYNCHRONOUS GENERATOR 


WILLIAM A. BUDDING, JR. 
WILLIAM R. RIBLETT 















; Library 


U. §. Naval Postgraduate School 


‘Monterey, California 








Fon oth AGO 


SBSH 








Cambridge, ixssachusetts 
May <O, 1849 


Professor J. S. Newell 

Secretary of the Paculty 
yassachucsetts Institute of Technology 
Cambridge, Nassachusetts 


Dear Sir: 


In accordance wish the requirements for the Derree of 
aval Emsineer, we submit herewith « thesis entitled, “Automatic 
High Speed Excitation of a Synchronous Generator.” 


Respectfully, 


Yip Mame e fled. t~< if | 


Wiliigm 4. Buddine Jeary Sse 
Lieutenant, 
united States Navy 


lla Vallee 
Aciliam 2. KivPevt 
Bigutexant, 
United States Navy 





AUTURATIC HIGH SPESAD LASTTATION UF an SYNCHRONOUS GENERATOR 


by 


William A. Budding, JIe 
Lieutenant, U. S. Navy 
BoS. United States Naval Acadeny, 
(1942) 
and 
william R. Riblett 
Lieutenant, U. S. Navy 


B.S. United States Naval Academy 
(1942) 


Submitted in Partial Pulfillment 
of the Requirements for the Derree of 
Naval Engineer 
from the 


Massachusetts Institute of Technology 
19 49 





SCEMOWL .LORENT 
The authors wish to express their appreciation to 
Mr. Alexander nzusxc for his valuable advice and assistance, 
and for the susfestion which oriminally insoired this in- 


vestigution. 





TABLE OF CONTENTS 


I SUMMARY 
Il INTRODUCTION 
III PROCEDURE 
IV RZSULTS 
V¥ DISCUSSION OF RESULTS 
VI CONCLUSIONS 
VII RECOFEARDATIONS 
VIII APPohDIs 
A. SUPPLSMESTARY INTRODUCTION 
B. BQUIPLERT 
GC. ORIGINAL DATA 


‘De. LITERATURE CITATIONS 


Page 


Ee 
ee 


28 


ef 
28 


42 





I SULDARY 

The fundamental purpose of automatic high-speed excitation 
O. S'avacnronous Machine is to increase its st@bility. This eam 
be accomcelished by supplying a component of field current that is 
proportional to power angle. Another component of fisld current 
proportional to rate of change of power angle is required to act 
as a damping foree on any oscillations that may be set up in the 
machine. In this thesis the effects of these two components on 
@ particular salient-pole renerator were studied, using various 
proportiomlity factors between field current and power ancle. 

The results show ourves of power vs. power anrple and field 
ourrent vs. power ancle for three cifferent proportionality 
factors between the compensating component of the field current 
and the power angle. séach of these is shown with four different 
components of steady-state field current. It was found that tne 
rance of stability increased b;, atout Pive degrees when compensa= 
tion proportional to power angle was used and by about ten cerrees 
wnen campensation proportional to both power angle and rate of 
change of power angle was used. 

The experimental results vorified the faot that compensation 
proportional to rate of change of power angle was recuired. ‘hon 
compensetion proportional to power angle alone was used, the system 
was hirhly oscillatory, Lut the addition of the compensation pro-= 


portional to rate of change of power anrle damped out the oscillations. 





From the results it can be concluded that it is entirely ° 
feasitle to operate a machine using this type of excitation at 
power anzles greater than that at which maximum power oceurs for 
any civen fixed ficld current. However, the system would have 
to be designed with very fast response and with components large 
enouch to eliminate saturation effects. 

Purther studies along this line are recommended with par- 
Licular emphasis on operation at very large power angles, i.e. 
ninety cegrees or more. an investigation into the effects of 
this system when the rarerator is driving a synchronous motor 
woulc also be desirable, since this tnesis has been limited to 


operation apainst a substantially infinite bus. 





II INTROOUCTION 

In tne decade following Worldw#far I] the rapid eprom jot 
electric porer systoms introduced the rrovlem of power sistom 
stabilit;. Transmission of power over lonr cistances caused 
the power an le between the rotors of synchronous machines to 
increase to a point where sudden additions of loud might knock 
the gvenerators out of siynchronism before additional gonerators 
could be put omthe line. This protblom wes partiall; solved 
Beathe use oF improved relays and circuit breakers. 

In tne past cecade attempts to use even lonrer transmission 
lings and to utilize existing reneration facilities more effece 
tively heve again brougnt syster stability problems to the fore. 
The followin: three methods of improving steady-state stability 
(i.0., ability; to carry sxall increases in load) have teen 
studied: (1) use of static or synchronous condensers et inter- 
mediate points to reduce tne jowor anele, (2) use of asynchronous 
generators, in which the alternator ficld is supplied with lowe 
froquenc:’ alternating current, and (3) use of standard alterna- 
tors with e dec field upon which is superimposed a current which 
is varied automatically ty chanres of powor angle. 

brown=Boveri Company of Switzorland has conducted stability 
irnvestijations following method (5) above. Their pepers on the 
suv ject ({2] and | fz) show tne worth of the automatic excitation 


meti.od ix general. This thosis deals with the application of 





this method of excitation to a partioular salient-pole alternator 
operatins arainst an infinite bus, showin: the effects of con- 
trollins excitation first by change of power angle alone and then 
vy a combination of change and rate of cl.anre of power anzle. In 
this case power angle is taken as the phase angle between terminal 
voltage and the voltage behind synchronous reactance. 

The camponent of the exciting current depending upon the 
change of power angle is obtained from the vector difference of 
the line voltage and the stator voltage of a pilot renerator. 
The component depencing upon ths rate of change of power angle is 
obtained from the rotor voltage of a small wound rotor induction 
moter mounted on the same shaft as the alternator and pilot genera- 
tor. These two components are fed into the two control fields of 
an amplidyne, whose output is in turn fed into one field of a two~ 
field exciter. Tho other field of the exciter provides the steady=- 
state component of the generator field. A achematic diagram of 


the apparatus is shown in Figure l. 
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ill PROCRes 

& total of Tour tests was made to stucy the effects of 
various types of automatic excitation on the relation between 
power output and power angele. 

Test 1 was made with no automatic excitation, supplving 
whe Main generator field simply br exciting one fiele of the 

¢ 

exciter with a constent direct voltare. Hine such runs wero 
mace, varying the alternetor field current from the minimum 
po8sible value of 3.6 sisperes to 7.5 amperes. in each run the 
load was increased by decreasine tha field of the driving motor 
until either the elternsator fell out of synchronism or the 
current rating of the alternator wes reached. 

In test ¢ automatic excitation proportional to power 
ancle was introduced by exciting the field of the pilct 
generator and adiusting the three-phase variac to place voltaces 
of equal magnitude across the rectifier, thus exciting one field 
of the amplidyne. The same proportionality factor between pover 
anzle anc the variable component of elternator field current was 
usec in the first threo runs by fixing the stator voltage of 
the pilot renorator. Three widely varying values of steady 
state exciter Melc current were used in these runs to demon- 
strata the effects of different ratios of fixed and variablle 
components of eltermator field current. Two other sets of three 
runs cach wert made, using a different value of pilot conerator 


stator voltage for cac!: set of runs. Thus te nine runs of test 2 





covered all possible combinations of the three values used for 
steady state oxciter field ourrent and the three values used 
for pilot renerator stator voltace which in turn determines the 
variable exciter field current. 

Additional automatic excitation proportional to rate of 
change of power angle was amployed in test 53. This was accom= 
plished by placing the stator of the induction machine (slip 
genorator) across the line, amplifying the resultant rotor 
voltage, and applying the sali Pied voltage acroge the second 
control field of the emplidyne. The nines runs of test 2 were 
then repeated, arain using all possible combinations of the three 
steady state exciter field currents and threo pilot renerator 
voltages used previously. 

In tests 2 and 3 the fraction of the line voltage applied 
to one side of the rectifier was set approximately oqual to the 
pilot renerator stator voltage by adjusting the three-phase 
variac at the Lerinning of each run. Beceuse the use of auto= 
transformers in the line between the alternetor and the laboratory 
three-phase supply resulted in rises in line voltage up to 10 
per cent at rated alternator current, the magnitude of tha voltage 
across the rectifier varied with load. Therefore, test 4 was 
made with both methods of automatic excitation in use, but with 
the further refinement that the magnitude of the voltage at the 


output of the variac was set continuously equal to the pilot 





generator stator voltage. In this manner operation arainst 
an infinite bus was approximated as closely as possible with 

the equipment available. care was also taxen in this test 

to determine the exact maximum power ancle at which the alter- 
nator would remain synchronized. ‘ne nine combinations of 

steady state exciter field current and pilot generator stator 
volta-e used in tests 2 and 3 were again employed, but an ade 
Gitionsi six rums were meco using tro new steadyestate values of 
exciter field current between the low ang medium values previously 
usec. Fimelly foreach of these fifteen runs the eutomatic 
excitation proportional to dé/dt was eliminated and the maximum 
power angle determinec at which the alternator remained synchro= 
mised using- excitation only. 

In all tests, power nus measurod by a polyphase wattmeter 
after reducing the line currents bv a fuctor of 40 throurch the 
use of current transformers. Power angle was determined by using 
@ phaseeangle meter to measure the pnase ancle Letween the pilot 
generator stator voltage and the ourrent optainec by plaaing a 


resistor across one phase of the line. 





IV RESULTS 

Tests wore made on a salient-pole. alternator operating 
against an infinite bus (fixed potential line). With fixed 
alternator field current the maxinum power anple which sould 
be reached without loss of synchronism was about 80 deprees, 
the exact enrle varying slightly with the magnitude of the 
field current. Addition of a second camponent of alternator 
field current proportional to power anrle increased the maxi- 
mum power ancle odtainsole to about 85 derrees, an increase of 
© derrees. further addition of a third component of alternator 
field current proportional to rata of cnange of power anple 
increased the maximum power angle attainable to about 90 cegrees, 
an overall increase of 10 degrees over the fixed excitation 
value. 

All the power angles noted in the preceding paragraph are 
steady-state stability limits, 1.e., the angles at which a very 
small increment of additional load will cause loss of synchronism. 
The numerical quantities given do not show completely the advan- 
tuges of the autometically excited system. another important 
factor is tho amount of oscillation of the power angle about an 
averaze value, an oscillation which is peakar even when the load 
is constant. This fact was noted by observation of the phase anrle 


meter used to measure power angle and also by stroboscopic observa- 


tions of the altermator ameture at constant load. Addition of 


compensation proportional to power anjle alone increases slightly the 





mapnitucs or oscillation of the power angle about a fixed 
value, while use of buth componuits proportional to power 


arele anu rule of change of power angle causes a sharp re- 


4 


Lo 


@uction in the magnitude of osclitution at power anrlas ee 
the maximum. Thus it is apparent that tne use of both comno- 
nonts of compensation will nermit stanle operation of the 
alternator at power ancle ct ieast 10 segrees rreater than 
would be possible with fixed exsitation. (It should be noted 
that in neither case couid tha alterretor ta overated et a power 
angle near the maximum attainable without the use of standby 
eenerators and elaborats control equipment). 

The curves of power and alternator fiele current as funce 
tions of power angle presentod on the following psgs6s show 
graphically the effects of chanziny (1) the proportionality 
factor *oetween tne first variable component of alternator field 
Current and power angle, by changing the voltage on the pilot 
generator stator, and (2) tc steady-state component of alter-~ 
mecor freld current, by chaneine the steady-state field current 
in the exciter. For comparison a sev of curves of power as co 


function of power angle for various fixed alternator field cure 


rents is snown in Pirure c. 










Title 





Power vs. Power Angle: No Autamatie Excitation 


ea 


Power vs. Paver Angle: 10 volts on pilot 
pererator stator. 


Alternator Field Current vs. Fower Angle: 10 volts 
on pilot renerator stator. 


Power vs. Power Angle: 20 volts on pilot senerator 
stator. 9 


Alternator Field Current ve. Power Anrla: 20 volts 
on pilot rencrator stator. 6 


Power ve. Power Anrle: 30 volts on pilot generator 
stator. + 


Alternator Field Current vs. Power Angle: 30 volts on 
pilot fenerstor stator. § 


Power vse Power Angle: 1.0 amperes SPeECy state field 
current in exoiter. 


OO 


Alternator Pield Current vs. Power angle: 1.0 amperes 
steady state field current in exoiter. 16 


Power vse Power Angle: 1.5 amperes steady state 
field current in exciter. ae 


Alternator Meld Current vs. Power Angle: 1.0 amperes 
stoady state field ourrent in exciter. Me 


Power vs. Fower Anrle: ¢.O0 amperss steady state field 
current in exolter. 13 


Alternator Pield Current vs. Fower Anrle: 2.0 amperes 
stsady state field current in exciter. 14 


Power vs. Power Angle: 3.0 amperes steady state field 
current in exciter. 15 


) Alternator Field Current VS. rower snele: &.0 amperes 
steady state field ourrent in exciter. 16 









i, maa a 
i . 
Az 
i 
aunt 


: 
4 


_ 


~ 
A 


—_ 
a 
t 
—e« 
* 


‘ . 
2 


| 
ous i t- 7 
{ } 


| 
i te 
Ae 
5 
8 
a 
ane 


1 
t 
| 


sor ’ . 
* ‘ | : 
eee : 22h 3 oo oe a 
table 1 | } - | Bie ears | — = 
Cie e : 2 - ~~ 
« . I a « 





a ate a soo —_. weg be et oe 
1 


pee ee 





Se oe 


{ = 
ro : { | + 
; ae , 
t 7 : 
7 —1 Tr? ao 
t A, : ‘ Fol | \ 
a a + seas b 
~ f ad 


2 oer ee 
: 


| 
® 
Py 
. 
. 








~ ey -2 
—3 * « 
| 


‘ 


ae2 « 


aw. 
y~ aa 


45 
(Degrees 


+ 


FO 
Angle 


FO os 
Power 


1S 20 as 


/O 


(SZLPMosIy ) AIPMOY 


ae 





ee 


fies 


t 
- 
11 
4 
_ 
s 


+ 


at 


+ 


49 


4 
ts 
“s 

u 


‘ db Campen 


Ay 


ae 


Y. 


ae 


wag itys 


pe 


(SZpoMoyly) AaMld 





) 


(Degrees 


Power Angle 








| 


ee 
aS ee 
' 


~ * a 
a 
Se 
= = ? 


=e 














‘+ 


Powe 





"4 
— ea. 
- 


t 


eee 
- s+ 
a . 


= sacle 





= 
— 
-@ 


—<— So —_—2_ — -- ee 
e 
i 
} 
: 
-y 
4 
’ 


at et ee ee On0 o 
. 
_— — 
‘ 
» 4 >. 
ee 
- + 
i 


Sa 


or 


= | 
F ? 


(Sfp UMass 4ADMOd 





Ee ee) 


Bane 
’ 





Pyawer Angi ( Deqrecs) 








Sed we: Sie | 2 
~ 4 _— oe 1 + 

mie = 6 ae 
ems « 


bo 
pty tte es 
« #4. 


ae ~- 


(Ssa4eduy) puaring Play 


5 


JO FI JO SS 
(Degrees) 


Power Angle 


So 








- 


> 


— = 


5 
—- -- 


ra ’ 
ean” a ie 


ia 
arok 


wt dh 





erie eae 
fee ot 
f ie 
ai 14; # 
r ~ t-» } 
(AF Gra 
teal 
oor ee 
woe} 
~enkng 


‘tT 
{ta 
1-4 





TS 60 GS 
( Degree s) 


4G «0 
Power Angle 


4o 


sail ata Se 
-4 “bby 


ore. == i 4 


faired 
yk 
—_ (ir = 


=~ 


be (“Jjonmos/) 43aMO_ 





a4 
>» 2 


-_ 





es 
ee 
IO 


) 


: 
. 
— we eee 
fe 
' 
, 


a 


Tel MENGE 
ETERS RON 
Eu 
US 


a ee 
ss . 
"=~ * 


(Degree 


FO 





20 £2, SSF 
C Power Ansg/le 


ST 


. - + e . 
- 4 a 
» £ a 
7 om it 
: | F 
- . 
: . 
. a 
% > ue --- ; ee «- . « - s . -. @ 
. aan & « a . 
. 3 + « 
' e a « - 
‘ - 
‘ r a Ls a . - 
ae 


= 


[ee4ogmpy) puddiny play 





f 
i 


Bee 
[ 
= 
7 bee 
48 


YV Cr 
th : 


a 
ae 


Jie 
; 
: naatron- 
~ Added 
= 


i 
Ki MH 7 


-” 


a | 


s 

i 

4 
nee 


r 


z 
na ble 
} 


po: 
larite 





: 


a |p 
=a 


wera, 


Save | 
7p! 


oe ee 
4 ote 


Ga MM OTIS ) A@ AO 


Ges 





50 IT 
(Deg rees) 


FS 


Joe FO 
Power Angle 








. (Sededmy) {Keu4nd plary 








- ss A =. 7 
aE SN 


7 
4 


i 
| 
| 
| 
| 


ac —— a 
£ = 


, 


alison 


rity AS 
sa ache 
Wed 
t 
_! 





| 


mm, 
A 





Poner Anyle 





=? 
2s 
Jt 
ae 
L Alanna. | 





“er 
Jor 742 


~ 


Ang 


t 
, 
_—_ — — 
B 
4 
eee 
—_ 
—— 3 


ea 


~ meee oe 
le 

ee Be ee 

‘ - * - # 
od - 
‘ 
8 ‘ 

* 
1 . 
. . . 
‘ 
' » 


_——_— = - e@ 


4 


7 ae 
4 


| os 

{ 
_— ae | 
> i : o 

: 

7 ae 

J. 

} 

j 


On/, 
r 
Field 





$ 
1 


? 
t 
4 
a 
b 
| 

= i=- - 
; 

_ a 
} 
Le 

SO ree ee me - 


} 
ae 
Yor Sa 


— 
. Powe 








| 
i 
i 
! = 
ae a 
Ang/ ¢, Atlanable 
. Js 
— 


| 
ao 
t 


G. 


x = 
2 
Aue , oy ! Kip. —_-- — + — ee 
a : S 4 k = EE} op 
arate ie ; 5 | p lg ig ‘e— le es <a 





we 5 2) 
! 
Sa Ye 
1, 


Pree 
S, 





é 





| 


Pa 


; 
| 
| 
| 
_ 
Ste 


a = ieee 


re 1 mie 


—_. > — 


. 
me ee 
' 





i 
q 
t 
4 
et Ae re — ee ope wee ee ww ee 


es ee Pe 


) 
: 


' 
°*¢ 
@- 
} ? 
fatgoc ow One 
ee gee er 
- 4 
t = 
+ 


aT 


. * 
' 
* * 
= . ? 
* eS 
nate —= 
? . 
3 
wae = ¢ 
. » . 


LrMoyry / AIMOd 


2 ' «a ' 
i Poe | eo ee |, 
aT ee | |---| el a } 
| ; | | | | oak 4 a ™ | 
eit ‘ : <a ; = a a Vk ee eee pees as a > 
a weer | \ eT) a 2) 
ieee —— fannpoe —— Org: —f —— L ~— is 


a 
| 
a 
ae 
: 
a 
| 
Te 
7O 


« 
' 
— —* «4 


+ 





FO io 50 JS 0 GO os 
Power Angle (degrees ) 


TT 





4 xO a> FO 


40 








ae. 


| 


= 
v- 


I 


. 
_ 


ent vs. Fe 
a lac 
d. areenT 
Stator —/z. 


re 
dem 


ur 
4 


i 
C 
Zo 
"a 


ld 
re 


; 
etl 
Gen 


ip G 





ator 
4 | | S/, 


Ca 


lfern 


- 8 
ag 
ed 


we 


-[-3- “mt [” 


i 

i 

5 

I 

| 

1 
"|. 

t° 





( Loud apy ) f “etd ny”) P/at+l 


Fower Angle CDesrees ) 





5 : 
woe er 

-_« . 

. 


b 7 

ae 
et 

P 





~ 


(SLO) 4DAMAO- 


45. SO 
) 


FO 


SS 
Power Anale (Deeqrees 


JO 


as 





65" 


TS oO 
(Degrees) 


SO 


Fs 


~TO 


Y 
5 
W 
L 
vy 
3 
o 
OQ 


> . 
a * 
o > r . 
j = ’ 
ee te em ge ee 
' 
. 
* 


a. 


me at ee be eee 


rh oe ep ® 


| 


79 dad 


at 


rd feraee 


ete yt 














Se 
‘ 2 
See 


rt 
cy 
eq 
- 
| 
| 
| 
a 





Ga ee 





-~ 






oe | 
ae 


e 
=f, 


| 
ee 


> 





v 


- 


t 


ya 
@lar- 
= — 


alralor | SF 


cr. 
. 
ee 2 


G 


24 


+ 
® . 
od -_- —_— - eee Jew oe oe ef 
7 
* 


ZO 


e - 4 | : a +! ~ 
: | 
a) @u ee 





TO 





3 : 
: : 
: 
| 
43 
| 
ae 


4-t- +4 ee 


4 


| 
} 
‘-- 
t 
| 
| 
wt 
FO 


Power Angle (Degrees 


| 
PS 


? 
~ 
1 
+ = 
‘ 


~ 


' 
t 
- ne — Fat Poe ae 
- | 
“4 
——4 
39 


: 

i 

| 

| 

| 

| 
| 

| 

i 

| 
" 
25 


( "ae HIMOS 


: 
) 











-- 
—— — ee 


4 ' - . | 
7 . | ! 
7 7 
Mis. Ls Seis eee. he 
eto a 
| eg 
oe | ltl | = 
leet 3. . 
(ar : % 
a meer eer on be - =f - 
e«@ | { ors ’ “4 ' : ° w 
i és I : 
t r 
~--—1 ee eee eae ie ee ae er 0 
{ 





— 
[Sa 


~~ 7 © 


“a 


} 
| 
‘ 
} 





‘ 
= ew ee ee ee 





| 
t 


4 
' 
| 
— 
q 
i 


ld: Cure 
= AF SE 


1 cee 
nf 
r2 Tor 


2 
Fi 
oF 





UCT. 
ep 


I 
“i 
j 


- + _— 
: 





ir 
C 
Ly 

t 


' 
I 


b 
¢ 
an . 
ee ere cet 


ft 
1 
- 
| 


1 
ia aa 
1 


2 

t 

| 
-+ 

j 

! 

i 

we me wee -{——— = 

4 

| 
eS 


lof 
bn 
Genera Tor 


~~ 
* + 


Mr 
| 





a os 
i 
6O 
lees ree s) 


Ly. 
S/ip 


ates 
; 


ee eee |: 


TS 


4 
i 
a A oe ne 


ae 
r 
Se 


Power Ang 


eee te ee ~_—_ am 
' 


50 


= me eal Sar Sas ae -~— = t-— «= oe -« = t _— ~ - 


{ a : 

doe | : | ; . 

=. t * | = + i : ' . ; | ’ i 
ca eh reeset -tpene athe & 2 neal ee ~- a2 a. 2 + ald J _ ——_—— > ¥) 


[ae 








aes ee - { ‘ reel 
r : ' 
° ' : 
t { . ; 
bo ee yes sae 9 aie eee ae ee aa - be —_ ~- =——= 9 
r ' hy 
| a | 
Cb.) 
| : } 
’ i : 
| | tite 
' . 
I —  e ee ee ee Oe ee ele 
F : : vy 


| 


Ao 


4S 


(Sasaduy) f 49440) ee “a 


-—//- 


V CISCUSSION OF RESULTS 

The curves of power vs. power angle show the effect on the 
ranre of stability of § compensation (compensation proportional to 
power angle) ané of both Sand d$ compensation (compensation pro- 
portional to rate of change of power angle). ‘henover& compensa- 
tion.is used, the curve of power vs. pover angle rises with a 
steeper slope than on a similar curve with fixed excitation, 
because the component of fiel@ current proportional to §& increases 
with power anvrle. Thus the power curve of the alternator with & 
caipensation crosses a series of power curves with fixed excitation, 


. . ra 
as srown in PFirvure 17 below. a 
er 
so" 
“ 
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Pirure 17. 
Tne basic equation for the power cenerated by a salient 


pole alternator is 





é 
BV VV." (x,-x_) 
P« sin 6 + —— 4 sin 28 
d aq 
where P is power output at the terminals, By is excitation voltage 


due to the inmpressec field in ths direct axis, Y, is teniinal volt. a, 





Xo is direct~exis synclronoué reacstence, 7 is quadcrature-aexis 
synchronous reactance, unc is power enrie. Expressed in a 


different for, 








i Vee mx 
| Cae t\%g a? 
P= }\ Sin 6 +) 2 sin Z2¢ 
co ae ae 3 | 
d aoe 
Since for the usual salient pole machine the value of Xo is only 


about sevon-tenths that of Xa the amplitude of the second hare 


monic is rourhly one-quarter of the explitude of the fundamental. 


$ te 


Thus for overationr against an infinite “us, makine V, e constant 
£ : + 3 


tie Walue of F et any desired power enrle is d@terzined crimarily 


by the mernitude of Bae Xith seturation effects absent in the ale 


¢ 


Sernetor field, the excitation voltare BE, is almost ¢cireutly pro- 


d 


portional to field current or, algebraically, Ey = aN 


hnen autarzatic excitation is used, the altern:tor field 
currer.t may be represented by the oquation 


Tp = Te, * Ley * Loo 


I, is total alternator field currsnt, 


Tay is steady-state or fixed component of fiele current, 


Lay ie component of field current proportional to power angle, 


T no is component of field current proportional to rate of chanre 


of power angle. 


e * « Ge 
ror = one®run, TA, 4&8 fixed DM sett “the excatier field 


current, exciter ssecd, nnd the alternator fleld rheostat position. 
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1 ne is zero except during changes in power angle due to changes 

in load and subsequent oscillations. Therefore, its effect is 

not evident in the curves of power vs. power anrle, sxcept the 
imdireot offeot of imoreasing the range of stability. Witha 
properly aligned pilot renerator rotor, the component Tay could 

be made roughly proportional to power angle as has been heretofore 
assumed, but because the rotor was mechanically displaced about 
twenty-nine olectrical degrees from the alternator rotor, dey is 
§-25° 


roughly proportional to the magnitude - This misalignment 








results in a total alternator field current which reaches a mini-~ 
mum at a power angle of 20°, sloping upward in both directions 
from that point. The rate at which I, increeses with power angle 
depends upon the magnitude of the proportionality factor Ky am 
the following equation: 


I 


f 


A study of the curves of alternator field current in the 


oO 
. “x, [6- 29 





Results section shows that Ky is not a constant for amy one run, due 
primarily to the saturation whioh occurs in the amplidyne as high 
voltages are placed across one of its control fields. Such a eatudy 
also revoals, howevor, that in the range of power angle from about 
30° to 60° the slope of thé curve and hence the value of Ky is de- 
termined by the magnitude of the pilot generator stator voltare. 


Increasin: tho stator voltage of the pilot generator oauses a 


more rapid increase of alternator fiele current with increases in 


load. 





The adverse effect of the 29° misalignment of the pilot 
generator rotor was accepted Lecause it produced negative § can- 
pensation only at very low power angles, where the alternator was 
inherently very stable. Tay could be made proportional to 
rather then to/f-29°| by installation of a phase-shifting device 
between the pilot renerator and the rectifier. Such a device would 
also enable oe ioe set the position of zero S compensation at any 
desired power angle. This would be desirable and perhaps mandatory 
in any practical installation. 

To bring out the effects of automatic excitation shown in 
the power v8. power angle curves, it is necessary to ussume definite 
sets of operating requirenents. For purposes of illustration the 
following three operating conditions will be discussed; (1) continu- 
ously vwarieble power requirenents in the region between 30° and 80° 
power anzle, with meximum power set by ourrent rating of alternator; 
(2) high average power output of 17 kilowatts, with possible 5 kw. 
load increases; and (3) low average power output of 12 kilowatts, 
with possible 8 kw. load increases. 


For condition (1), in which the operating region is esta- 


blished by upper end lower limits of power angle, maximum steady- 


atate exciter field current is limited to 2.0 ampores because 
higher valuos cause the alternator to generate greater than rated 
currents before the maximum power angle ie reached. Study of 


Ficure 13, power vs. power angle for 2.0 amperes steady-state 
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ees 


exciter field current, shows that the higher (30 volt) stator 
voltage on the pilot fpenerator produces about ¢OC watts more power 
at the uppor limit of power anrle. fowever, it will also be ob- 


Berved that at thet upper linit the 3C volt curve is very flet, so 


that an acdcitional SOG watts of nower would be surficient to drive 


the alternator out of s,uchronism. «with oly cO volts on the pilot 
generator stator, the pover output at the upser limit is only ¢.5 per 
cent less while the edditional power required to lose synchronism 
is 700 watts, or nore than twice as much as that required with 
30 volts on the stator. At the other extreme, use of only 10 volts 
on the pilot sererator stator yields a power curve which is still 
rising sharply ot a zcover angle of 80°, but with almost 5000 watts 
less power available at that limit. Of the combinations tested, 
therefore, 2.0 amperes steady-state exciter field current and a 
pilot cenerator stator voltare of cG volts seems best for this set 
of operatinr requiresents. 

For cordition (2), assume reasonably steady high power out- 
put with en avererse value of 17 kw., anc possible & kw. variations 


from that averace. A oursory study of Figures 2, 5, and 7 shows that 


&@ pilot generator stator voltage less than 20 volts and steady state 
exciter field ourrents less than 2.0 amperes will not produce power 
up to 2¢ kw. without loss of s,nchronism. further study of Figures 


5 and 7 indicates that the maximum power roquirement of ce kw. can 
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be reached at a lower power anrle, and hence with less dancer of 
exceeding the stability limit, by the use of 3.0 amperes steady- 
state field ourrent in the exciter. Furthermore, this can be 

done without exceeding the current rating of the alternator. 
Finally, from Figure 15, we note that there is very little choice 
between the use of 20 and 30 volts on the pilot renerator stator. 
Use of the higher stator voltage produces 22 kw. active power at 
@ slightly lower power angle, but fran the slopes of the two 
curves at the 22 kw. level it is evident that approximately 

the seme additional increment of power wili cause loss of synchro 
nism at either stator voltage. Since the 30 volt curve approaches 
the alternator current rating very olosely at the 22 kw. point, 

it would probably be best to use the oombination of 5.0 smperes 
steady-state exciter field current and a pilot generator stator 
voltage of 20 volts for these operating requirements. 

Any possible effect of large variations in power require- 
ment is ziven by condition (3), which assunes an everarze power 
output of 12 kw. with possible 8 kw. variations from the average. 
Figures 3, 5, and 7 show first that « steady-state exciter field 
ourrent of 1.0 anpere is insufficient to give the maximum power 
requirexent. <Any other combination shown on the curves oould 
be used except a 1.5 ampore steady-state exciter field current and 


10 volt pilot cenerator stator voltage. At the upper power Llinit 


there is little to choose from the various combinations, although 
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higher values yield 20 kw. at power angles farther from the sta- 
bility limit. At the lower power limit of 4 kw., with the 29° 
rotor offset employed in these tests, there is again little to 
choose from among the combinations tested. Near the average 
power of 12 kw. the slopo of the power vs. power angle curve is 
greatest with maximum value of both parameters, so a 30 volt pilot 
cenerator stator voltare and 5.0 amperes steady-state exciter 
field current is probably cesiralle. 

For all curves of power ve. power anple, the pover was 


connected to a terminal voltage of 115 volts. This was cansidered 


necessary in order to simulate operation of the generator araeinst 
an infinite bus. Actually, the terminal voltage increased with 
line current due to the voltage drops in the primary dnd secondary 
windings of the transformers. In each run of Test 4,the voltage 
regulator output to the reotifier was held sonstant manually in 
order to eliminate this effect on the compensation. The power 


correction was derived as follows: 


E V(x, - x.) = 
P= V./ = sinS+ go) sin 25} 
x ox .X j 
d aq 
V(x, - x_) 
It was assumed that the wror in the tern woe sin 2& 
dq 

due to error in Vy is negligible with respect to P. Therefore, 
P was considered directly proportional to i for any riven Ey 


and §. 


The oscillation of the flower anrie at ar apeeren |: constanc 
lowd with no compensation was in all probability que to line fluc- 
“uations in both the a-s line and the d-c line feeding tae crivine 
fowor.s. This fluctuation, coupled with the lamgge inertia of ti 
revors of the rachines, nade these oscillations troublesume, 
perwicularly at lergespower anplss. The oscilletion magerredcar 
wher. § compensation was used. In this case the § compensation 
bucked the change in power ansvle resultine from the line fluctua- 
tions and then overshot the correst rower angle for tne particular 


boad, wit «a resultant berge amrlituce oscillation. <clowever, *nen 


a4 compensation was added, the output or the slip reneretor acted 


fae damein” force smd rapidly damped out eny oscillations. For 
any riven power ancle, minimum oscillation was observed when a 
compensation was used in conjunction with the § somper:setion. 
AS the marnitude of the slip generetor stator voltare wus decreased, 
thereby docreusing the d§ compensation, the oscillation became 
mreater anid took longer to dunp out. Therefore, for this particu= 
lar case it «was best to use neximun d& compensation (135 volts on 
the elir cenerator stator). 

Since japel] fiuctcatioms in line volta, co wnd in the speed 
of the prime mover would he almost certain in uny practical inetal- 
lation, it is considered ussentiel that both § and d$ compensation 
be used iff the range of stabdility is to Le increfibéd by any ueas- 


uratle smount. 
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Althouch no tests for trensient stability were made with this 
system, it is believed that use of caxbined é and a§ comnensation 
would again increase the ranre of stahility; of the alternator. To 
test the transient stability, it would be necessur, toa introduca 
a model transmission line or a group of series inductors between 
the alternator and the infinive bus, so sucden londs could te 
epplied or removed bY simple switchins arrange:onts. Even with 
this chanpe in the apparatus, an artificial situation would still 
be present because the speed of the prime mover is locked by the 
line frequency as icnp as tre alternator is connected to the ac 
supply. 

The type of automatic excitation demonstrated in this 
system is superior to the usual voltare-regulated automatic ex- 
citation for alternators which must onerate at high power anples. 
When stability Limitations are important, as they are in most 
installations, but particularly in cases where lonr tranemissiox 
lines sre involved, the use of automatic oxcitation dependent upon 
power angle is obviously a more pogitive control tham thet ceperdent 
upon & seconcar, factor like terminal voltare. Yoltuapa-rerulsted 
excitation incraases the rumpe of stability of the alternator only 
ingorar as the terminal volta, tends to decrease with increasing 
load and sence with increasin: power angle. Logis would seer. to 
point ont the udvantage of using the criterion of stabllity, power 


anelie, as the basis of the automatic excitation system. our tests 





vear out the validity of this statersent, for even with the rele- 
tively orude apparatus employed, it was possible to operats at 
power anrles well beyond the fixed-excitation linit. 

Both Dahl (7) and Frey (1) mention the possibility of 
operating a synchronous machine on ths beok sice of the power 
VS. power angle curve, i.e., at anzles greater than that for 
maximus power through use of high speod rerzulation. Dahl refers 
only to alternators with voltage-rezuleted excitation, but Frev 
outlines in theoretical tems how it is possitle to operate a 
non=saliont polo synchronous rachine at power ancles creater than 
90° by the use of automatic excitation proportional to power anrle. 
Analysis of the power equation for salient-pole alternators shows 
that with constant excitation the power will r:eak at a power angle 
less than 60°, indicatinr that by use of 4 and d{ canpensation 
we have succeeded in maintaining such @ machine dynamically stable 
on the tack side of the power vs. power angle curve. However, it 
must be noted that synchronous operation coulda not be maintained 
eat power angles much beyond the maximum obtained with fixed exci~ 
tation, possibly because of the undesirablo combination of large 
time lars in the exociter and the saturation of the amplid:ne at 
relatively low pilot reneretor stator voitapfos. 

It is realized that a great ceal of work remains to b. done 


in tho field of automatic exoitation proportional to power angle 








before such an installetion misht be carieroiall., feusible. 
However, tic data presentec in this thesis indicetes tha possi- 
bilitics sucha system offers ir exterding the range of stability 
@reany elternator, 511.00 1t stess Lonical to Sssume tret tme maxi-= 
ae ses C a 2.4 1° -» 
iim power uncle attacnatle could be increasec «t least 10° for 
Sicméer a BRiiente-pole or & cylindrical aitei.ime. Purther reSéarch 


Soule be carried on, elirineatine the uncesirable Teatures of Sur 


Besifn as M@@ntioned in Whe previous sarafrapn. Use of a properly 
Gesitned tvoefielc exciter and an amrlidyne or eléctronic ampli- 
Perm nich@would not s@turate et tne fielée currents WBquired 


mepnt extend tie range of stauilit; muc: farther than was cone 


pte 
- 


Pesos e thesis. Were sWible ePerition at t.irh power ancles mient 
also rasult from the use of a vhase-shiftinp device in the 6 cor- 


pens ..tion circuit which would shift the zero point of § compensation 


Pe wry Gesire? power unpls. 
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VI CONCLUSI MWS 


From the obsorvetions and cisecussion it is concluded that: 


1. The range of stability of this particular saliont-pole 


Synchronous generator wes increased by «tout five degrees wher 
compengation propo:tional to power an-le was used, snd by about 
ten derrees wien compensation proportional to both power angle and 
rate of change of power anrle Was usec. 

Ze Compensation proportional to rete of cnange of power 
angle is necessary when compensation proportional to power angle 
is used, in order to damp out the oscillations set up in the 
systen. 

Se choice of proportionality factors betwoen the sor- 
pensatine component of field current and power angle is denendent 
upon the ranre of power angles in which it is desired to opernte 
ie Machine. 

&. It is feasible to operate a synchronous machine using 
this excitation system at power angles rreater than thet at which 


maximum power occurs for any riven fixed field current. 





VII RECOM. SRDATIO“NS 

l. Further studies of this system are recommended with 
emphasis on operation at power angles greater than ninety cerrees 
using a larcer amplidyne and an exciter more suited to the 
power requirements. 

ce An investigation of the operation of this system 
with the generator driving a synchronous motor would be desir- 
atle. 

Oe It 18 recommended that a phases shift device be placed 
between the voltage rerulator and the rectifier in order to vary 


the power:iangle at which tne pilot generator voltage and the . 


regulator voltace are in phase. 





VIII APY SNDIX 
Ae SUPPLEXONTARY INTRODUCTION 

The basic method of obtaining components of main generator field 
current proportional to poser anrle and rate of changes of power angle 
is simple, as outlined in the introduction. Setting up a working 
model of the equipment in an eleotrical machinery laboratory, however, 
involves mamy problems. The following praotical problems and their 
sOlutions sr ould be studied, by anyone interested in further researoh 
or development work on automatic excitation of altermtors. 


There was a pilot renerator already mounted on the same shaft 


as the ulternator selected for test, but no wound rotor induction 
motor was available in the laboretory. The motor was to be used 

not for power, but merely to provice a voltage at the slip rings 
proportional to rate of change of power angle. Hence, a cage type 
induction motor was retuilt as a wound rotor iype with ver; fine wire 
in the rotor windings to give the maxirium masher of turns and the 
highest possible induced voltara. 

Combining: the amplidyne output and the steady-state component 
of the fenerator field required a two-field exciter. Since none 
was availeble in the laboratory, it wes neoessary to convert a six- 
pole direct-current cenerator to a two-field generator. This was 
accomplished by disconnecting the fiele windings on each pole and 
connecting two opposite poles to provide one field anc enother pair 


of opposite polos for the other field. Two pairs of brushes were 
a 
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removed, leaving only one pair. A rreat deal of apprehension arose 
as to the amount of ripple that might be preaent in the output, so 


an oscillogrem wes taken of the output voltage at load with both 


fields excited. This oscillogram showed no ciscernable ripple at 
all. iHven though the size of the senerator was large for the 
output required, we considered o.Y exciter problem solved. 

Little difficulty was encountered in providing a voltage pro- 
portional to power angle. Magnitude of the pllot-generator stator 
voltage was controlled by a fleld rheostat, and that of the reference 
voltare by a three-phase variac piaced across the line. The vector 
difference was then placed across two terminals of a selenium rec- 
tifier bridge, the output of which was applied to one field of the 
amplidyne. 

Rewinding a cace-type motor as a wound-rotor type provided a 
voltage signal vroportional to rate of chance of power angle, but 
the signal was small and almost hidden by a ripple voltage due to 
slot noise. Analysis of an osoillogrem of the ripple voltage (Pir. 18) 
showed it to consist of a 120 cycle fundemental with a strong third 
harmonic. A eimple low-pass R-0 filter was used to eliminate this 
undesirable ripple voltage, presenting at tho filter output an in- 
finitesimal voltace except during periods of varying loac, i,e., Z 
varying power angle. However, even with sudden changes of load, the 


huge inertia of the roteting machines produced a relatively slow change 








in power angle snd hence a sriall voltage (mexinum of one volt) at 
mee tilter Sutput ter@inals. i General Radio Type 7io-A dcirec® 
Current auplifiecr was required te increase the voltare to # usable 
Pewee, NC fr. OMEGS stece concistine of two GEO tubes corre sted 
em Cec. bric~e tre amplifier was used for currert emplification 
moomempcdegce mavenang. [nis comtimition of amplifiers rroviced 
Menmorol fielé current ur to 15 milliamperes for the hirt-~ir pedarce 
mweeracyne Cield. A schematic diteran of the compensation syster is 
Geo. in Figure 19. 

Ae first an attempt was nace to operate the syrchronous panera 
tor at its ruted volvare, raecing its output imto the cSC-voli three- 
pmase line in the laborator:. It was found that for all but very 
Seat] field curreris, the increase in power angele was linitted by 
eeemeurrent rating lonr before ii Was lirited by stability. For 
TaaS reason it wae cecided to onerate thé machine st half its rated 
MObrage by feedim, the outrut through auto-treénsformers into the 
200=-volt line. This resulted in the terminai voltage of t..e machine 
Peete &s the current output increased. It Would have Leenmitc!. better 
GO Nave operated 2% & constant tersz.inal voltage, but becuuse cf the 


Prooratory liritétions, i+ vas necessur. to accept the varlink vol taifa. 
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RB. BQUIPKAT 

ywnchronous Generator (Kh. I. T. Lab. No. 804A) 
Westinghouse d-phase, CO cycle, 120CG rpm, cenerator. 
44kvae, 2350 volts, 110 amrs., &0 ner cent P. F. 
@xertation anmnve. 15, volts 125. 

Pilot Generator (MH. I. T. Lab. No. 043) 
westinghouse J-phase, 6C cyclo, 1200 rom. gpenorator. 
2 kva., 250 volts, 5 amps., SO per cent FT. F. 

Slip Generator 
S-phase, GO cycle, 1206 rom., wound rotor induction 
motor rebuilt by sSlectrical Shoo of Boston Naval Shipyard. 
Rated stator voltage 230 volts. 

Exciter (17. I. T. Lab. No. 593) 
éleotro-Lynamic direct-currert renerator, shunt~wound. 


10 hp., 230 volts, 39 amps., 425-1275 rpm. 


Amplidyne (k. 1. T. Lab. No. 13C1) 
General slectric amplidyne renerator, Lodel SéAN48P1 
Input 115 volts, lephase, GO cycle, 6 amps., 1725 rpr. 
Output 200 watts, 1CO volts, <.0 amps. 

Amplifier (Be I. T. Lab. Ko. 18) 
General Radio diroct-current amplifior. 


Type TI5“A, Serial 1&6. 





Ce ORIGINAL DATA 


List of symbols used: 


Main Generator 


Te 


Field current in amperes. Subscrizi o denotes stead;- 
state component 

Voltage applied to field in volts. 

Phase ancle meter reading in ceprees. 

Power output in kilowatts. 

Current output + 40 in amperes. 


Terminal voltaze in volts 


Componseting Syston 


V 
ac 


on 


feces WOltgme on rectifier in volts. 

D. Ce output of rectifier in volts which is the voltare 
eppliec to the Mo. 1 expliidyne control field. 

No. l amplidyne control field current in milliemreres. 


Stator voltage of pilot generator in volts. 


Three-phase variac output to rectifier in volts. 


Steady state exciter field current in amperes » 
Compensatinz exciter field current in amperes which is the 
output current of tne amplidyne. 


exciter output in volts. 





Oe 


No automatio excitation. 
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TEST I (continued } 
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§ 
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a 
or 
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4.8 
10.3 
14.8 
19.35 
20.8 
21.6 


1.24 
1.26 
1.50 
1.86 
Lede 
200d 


2.73 


Run 5 I. p P i Vy 
5.5 29.0 0 0.62 115.5 
5.5 15.0 4.0 0.75 117.5 
5.5 0.0 G02 1.05 118.5 
5.5 -15.0 10 1.45 12160 
565 =SG0 14.4 1.80 Tae 
5.5 -48.0 15.2 9.18 119.0 

Run 6 B.C 25.0 0 0.86 115.0 
6.0 Lago 4.3 0.91 118.0 
6.0 0.0 8.9 eg 121.0 
6.0 1550 he. 8 1.49 1215 
6.0 -30.0 15.8 1.90 lecn0 
6.0 ~42.0 17.5 ome? 120.5 
6.0 -56.C 12.3 ae 119.5 

Run 7 6.5 29.0 6 1.06 115.0 
6.5 14.6 5.1 im 120.5 
6.5 0.0 9.8 1.34 122.5 
6.5 “ie 14.5 1.65 123.5 
6.5 ~25.0 16.8 2.03 W235 
6.5 ‘ak eO 19.1 2.30 12680 
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, continued ) 


x” 2. =. he 

75 29.0 0 1.42 116.0 
7.9 13.0 Se 1. 49 120.0 
760 1.0 11.5 1.64 123.5 
7.5 -11.0 Loge 1.96 125-3 
765 -21.0 18.4 2.17 126.0 
7 “32.0 20 ee 2.47 124.45 
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